Neurospora crassa. Clock-controlled genes ccg-1, bli-3, and con-10 were induced by osmotic stress in an OS-2 dependent manner. In contrast, osmotic stress did not affect the expression of clock genes frq, wc-1, and wc-2 or of clock-controlled genes ccg-2 and bli-4. These results suggest that OS-2 participates in the regulation of certain circadian-clock output genes.
The two-component signal transduction pathway has an important role in the response to environmental stimuli in bacteria, fungi, and plants. 1) In Neurospora crassa, the mutants of two-component system genes, nik-1/os-1 (histidine kinase), os-4 (MAPKK kinase), os-5 (MAPK kinase), and os-2 (MAP kinase), are highly sensitive to osmotic stress, and are resistant to certain fungicides such as fludioxonil and iprodione. 2, 3) Both osmotic stress and fludioxonil activate OS-2 via phosphorylation in an OS-4-and OS-5-dependent manner, and activated OS-2 upregulates the expression of a series of genes, including those for glycerol synthesis, to increase internal turgor pressure. 4) Therefore, activation of OS-2 under high osmolarity is essential to the osmotic adaptation of the cell. In contrast, the fungicides probably exert their fungal toxicity by overactivation of OS-2 under normal conditions: conidia treated with fludioxonil swell and subsequently burst without germination, and high osmotic pressure prevents conidia from bursting. 5) These observations imply that the morphologic disorder of conidia results from an overaccumulation of glycerol within the cell under normal osmolarity. The cut mutant, which lacks the ability to synthesize glycerol, however, is sensitive to osmotic stress as well as fludioxonil. 5) Hence, the mechanism underlying the toxicity of fludioxonil is not fully understood.
Recently, cytologic techniques using green fluorescent proteins (GFPs) have become available for use with N. crassa. 6) To investigate the effect of fludioxonil on the organization of nuclei and microtubules, strains N2281 (FGSC#9517: rid RIP4 mat a his-3
were obtained from the Fungal Genetics Stock Center (FGSC, Kansas City, MO). These strains contained SGFP fusion proteins with histone H1 (hH1) and -tubulin (Bml), respectively, and both genes are controlled by the promoter of the N. crassa clock-controlled gene (ccg)-1.
6) After exposure to fludioxonil, swollen hyphae with short septa were observed in both strains, yet the fungicide did not induce notable disorganization of the nuclear organization or the microtubule assembly (Fig. 1A) . The GFP fluorescence intensity associated with both nuclei and microtubules in fludioxonil-treated hyphae, however, was much stronger than that of untreated hyphae (Fig. 1A) . To determine whether the enhanced GFP fluorescence resulted from stimulation of the ccg-1 promoter by fludioxonil, we constructed a transconjugant-bearing Pccg-1-sgfp þ in strain C1-T10-37A, which is closely related to the standard Oak Ridge wild-type strain. GFP fluorescence in the Pccg-1-sgfp þ strain was thoroughly distributed in the cytosol, and was much stronger when a mycelial disk was exposed to fludioxonil (1 mg/ml) or 4% NaCl as compared to untreated controls (Fig. 1B) . Fludioxonil and osmotic stress activate OS-2 MAP kinase by phosphorylation in N. crassa. 4) Thus these results suggest that ccg-1 promoter activity was increased by fludioxonil and osmotic stress, probably through activation of OS-2 MAP kinase. ccg-1 was first identified as a glucose repressive gene (grg-1), 7) and was independently identified as a member of the ccg family, which consists of 12 genes. 8) Clock-controlled genes are rhythmically expressed under the control of a circadian clock. The clock system of N. crassa is one of the best understood, y To whom correspondence should be addressed. Tel: +81-276-82-9216; Fax: +81-276-82-9801; E-mail: fujimura@itakura.toyo.ac.jp Biosci. Biotechnol. Biochem., 71 (11), [2856] [2857] [2858] [2859] 2007 Note and components of the oscillator and input pathways have been identified. Central components of the clock are the frequency ( frq) and white-collar (wc-1 and wc-2) genes and their protein products (FRQ, WC-1, and WC-2).
9,10) WC-1 is a blue light photoreceptor that makes a white-collar complex with WC-2. This complex directly activates the transcription of frq, and then the level of FRQ slowly increases until it indirectly inhibits the activity of white-collar complex to shut down its own expression. Time of day information is signaled from the oscillator(s) to genes and gene products located in output pathways to generate the observed daily rhythms.
To determine whether OS-2 MAP kinase is involved in the expression of the clock genes, we quantified the transcriptional levels of frq, wc-1, and wc-2 by reverse transcription-polymerase chain reaction. There were no significant differences in the expression of clock genes between the wild-type and os-2, and fludioxonil and osmotic stress did not change their expression levels ( Table 2 ). These results indicate that OS-2 MAP kinase had a negligible role in the expression of the clock genes, and that OS-2 controlled the expression of ccg-1 without influencing the amounts of clock components. Twelve clock-controlled genes (ccg-1 to ccg-12) and several additional genes, such as bli-3, bli-4, con-6, con-10, al-1, and al-3, have been identified as genes regulated by the clock. [11] [12] [13] Among these, we selected six genes, ccg-1, ccg-2, bli-3, bli-4, con-10, and al-1, to 
and Pccg-1-sgfp þ . A, N. crassa strains N2281 and N2524 contained SGFP fusion protein with histone H1 (hH1) and -tubulin (Bml) respectively. A mycelial disk of each strain was cultured on an autoclaved cellophane filter placed on Vogel's minimal agar medium containing 1.2% sucrose for 18 h. The resulting hyphae were treated with fludioxonil (1 mg/ml) for 3 h. B, The strain containing Pccg-1-sgfp þ (constructed as described below) was treated by fludioxonil or NaCl for 1 h. Note that stronger fluorescence was observed in treated hyphae. The NotI-EcoRI fragment containing the Pccg-1-sgfp þ gene was isolated from plasmid pMF272 (GenBank Accession no. AY598428; obtained from FGSC) and then cloned into the same restriction sites of pBluescriptIISK(+) (Stratagene, La Jolla, CA). The resulting plasmid was digested with EcoRI and ligated with a hygromycin resistant gene cassette to yield pBSGFP-hyg. Transconjugants with pBSGFP-hyg were selected on Vogel's medium containing hygromycin (500 mg/ml), and one representative strain was designated TCCGFP1. Confocal laser scanning microscopy was performed using an inverted laser scanning microscope (LSM-510, Carl Zeiss, Jena, Germany) and an argon ion laser for excitation at 488 nm and GFP filters for emission at 515-530 nm. Oil immersion 60Â (N.A. 1.4) plan apochromatic objective lenses were used for imaging. Bar ¼ 20 mm. determine whether OS-2 is involved in their expression and the effect of fludioxonil and NaCl. ccg-1 is well conserved among filamentous fungi, even though the physiologic function of CCG-1 is unknown. 7, 8) ccg-2, one of the best characterized genes within the ccg family, has been identified independently as eas and bli-7.
14,15) ccg-2 encodes a short hydrophobic protein localized to the conidial surface, and is induced by blue light as well as glucose or nitrogen starvation. 16) bli-3, bli-4, con-10, and al-1 encode a hydrophilic protein, a mitochondrial short-chain alcohol dehydrogenase, a conidiation-specific protein, and phytoene dehydrogenase respectively. 12, 17, 18) The transcript levels of the six target genes in the wild-type and os-2 strains were quantified, and the effects of fludioxonil and NaCl were elucidated. The crossing point value for ccg-1 in the wild-type strain (27:6 AE 0:17) was approximately 4 cycles lower than that for the os-2 mutant (31:2 AE 0:97), indicating that the transcript level was more than 10 times greater in the wild-type cells than in the os-2 cells. Furthermore, when the wild-type hyphae were treated with fludioxonil (1 mg/ml) or 4% NaCl, ccg-1 mRNA levels significantly increased (Table 2 ). It was estimated that the stimuli increased the amount of mRNA by at least 10 times. In contrast, induction of ccg-1 gene expression was not observed in the os-2 mutant (Table 2) . These results clearly indicate that the expression of ccg-1 was controlled by os-2 and was upregulated by the activation of OS-2 MAP kinase. Treatment with fludioxonil and osmotic stress also strongly upregulated bli-3, and osmotic stress strongly upregulated con-10 in the wild-type strain, but such inductions were not observed in the os-2 mutant ( Table 2 ). The basal expressions of these two genes, however, were comparable between the two strains, indicating that OS-2 MAP kinase mainly regulated their inductive expressions, and that the role of os-2 is distinct from that in ccg-1 regulation. In contrast, the transcript level of ccg-2 was estimated to be several-fold higher in the os-2 mutant than in the wild-type strain, suggesting a repressive effect of os-2 on ccg-2 expression. Fludioxonil and NaCl marginally affected ccg-2 expression. These stimuli and the os-2 mutation, however, had insignificant effects on the expression of bli-4. al-1 was only slightly upregulated by fludioxonil in the wild-type strain, but this gene was moderately upregulated by 4% NaCl in both the wild-type and os-2 mutant strains, suggesting that os-2 is not essential for its expression.
The findings of the present study indicate that ccg-1 expression was controlled by os-2, and that its upregulation by fludioxonil and that osmotic stress was OS-2 dependent. Two other clock-controlled genes, bli-3 and con-10, were also upregulated in response to fludioxonil and NaCl, whereas the transcription of another clockcontrolled gene, ccg-2, was repressed by os-2. The other clock-controlled genes, bli-4 and al-1, and clock genes frq, wc-1, and wc-2, appeared to be os-2 independent. To date, microarray analyses have revealed more than 180 genes that are regulated by the clock. 19) We have reported that the expression of six genes, those for catalase (ctt-1), glycerol synthesis (gcy-1, gcy-3, and dak-1), and gluconeogenesis ( fbp-1 and pck-1), was activated in response to osmotic stress and fludioxonil in an OS-2 dependent manner. 4) Recently, we also discovered that a large-subunit catalase gene, cat-1, whose product is the major catalase in conidia, was also Total RNA was isolated as described by Noguchi et al. 4) Conidia (3:3 Â 10 6 /ml) were germinated in liquid VM medium for 4 h at 25 C and then transferred to VM medium containing 4% NaCl or fludioxonil (1 mg/ml) for 30 min. Total RNA was isolated from each sample using a FastRNA Pro Red kit (Qbiogene, Illkirch, France). Each RNA sample (50 ng) was reverse transcribed using an ExScript RT reagent Kit (Takara, Kyoto, Japan). Real-time PCR was performed using the LightCycler system with LightCycler 480 Probes Master (Roche Diagnostics, Tokyo). Parameters included initial activation of FastStart Taq DNA polymerase at 95 C for 10 min, followed by 45 cycles of denaturation at 95 C for 10 s, annealing at 60 C for 30 s, and extension at 72 C for 1 s. Amounts of relevant mRNA were quantified using ProbeLibrary probes (Roche Diagnostics) for real-time RT-PCR, and the combination of specific primers for each gene (Table 1) were designed based on the sequence of the target genes using ProbeFinder software (www.probelibrary.com). The relative values of gene expression were calculated by comparing the cycle number in the real-time PCR analysis for each sample with that for the untreated control, i.e., the crossing point (CP) difference (Á) of a control versus an unknown sample (ÁCP control{sample ). Three independent experiments involving cell capture, RNA extraction, reverse transcription, and PCR reaction were performed.
induced in response to osmotic stress. 20) Interestingly, among these OS-2 MAP kinase-dependent genes, dak-1, pck-1, and cat-1 are perhaps clock-controlled genes. 19) The N. crassa circadian clock provides an endogenous signal to regulate asexual development (conidiation) on a daily basis. In fact, several clock-controlled genes are induced during conidial development and are regulated by various stressors, including heat shock and carbon starvation. 21) Together with previous findings, our findings suggest that OS-2 MAP kinase participates in the regulation of certain circadian clock output genes whose products might function as stress response proteins.
